online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 106(3): 308-315, May 2011 Aedes aegypti is the major vector of yellow fever and the principal global vector of dengue virus. Different populations of Ae. aegypti vary in their ability, or competence, to transmit a particular pathogen. Vector competence refers to the intrinsic permissiveness of an arthropod vector for infection, replication and transmission of a pathogen to a vertebrate. Vector competence is consistent with a general model in which multiple structural or biochemical factors must be present for the successful completion of a pathogen's life cycle. In some instances, differences in vector competence can be traced to antimicrobial responses to pathogens through the activation of the insect's innate immune system. In disease vectors such as mosquitoes, understanding the regulation of the innate immune response can provide novel insights into vector competence and disease transmission. Innate responses in insects are rapid and transient and the hemolymph, the midgut and the fat body are involved in determining innate immunity in insects (Christophides et al. 2004 , Barillas-Mury et al. 2005 .
The fat body is the major metabolic organ of insects and the principal site of transcriptional activation and the synthesis of effector molecules such as antimicrobial peptides (AMPs) that are key players in the innate response against several bacteria and fungi (Tzou et al. 2002 , Barillas-Mury et al. 2005 , Feitosa et al. 2006 . The fat body is a diffuse organ lining the body cavity of insects and consists of two types of cells: trophocytes of mesodermic origin and oenocytes of ectodermic origin. Trophocytes are thought to play a local role in intermediary metabolism by storing lipids, carbohydrates and proteins (Dean et al. 1985 , Martins & Pimenta 2008 . Larval oenocytes were first described in insects over 140 years ago. Since then, their function has remained unclear and they have been investigated in largely descriptive studies implicating larval oenocytes in processes such as cuticle synthesis and the regulation of hemolymph composition (reviewed by Dean et al. 1985) . Gutierrez et al. (2007) demonstrated that oenocytes from Drosophila melanogaster larva store lipid as cytoplasm droplets and appear to play a crucial role in insect development. Additionally, D. melanogaster oenocytes and the mammalian liver share several homologous genes coding for lipid metabolism/processing. Of the 51 transcripts that were identified to be exclusive to D. melanogaster larvae oenocytes, 40% of the transcripts have human homologues that are associated with lipid metabolism and protein processing. Thus, in Drosophila, oenocytes can be considered analogous to mammalian hepatocytes (Gutierrez et al. 2007) . Recently, WickerThomas et al. (2009) demonstrated that the knock-down of desaturase genes (desatI and desatF) in oenocytes suppresses cuticular sex pheromones biosynthesis, affecting the courtship behaviour in D. melanogaster.
Despite the completion of whole genome sequencing for three mosquito species (Anopheles gambiae, Ae. aegypti, and Culex quinquefasciatus) the global gene ex- pression profile (transcriptome) in mosquito oenocytes is currently unknown. One role assigned to An. gambiae oenocytes is the production of nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) cytochrome P450 reductase (CPR), an enzyme required for the activation of cytochrome P450 that is involved in insecticide resistance in mosquitoes (Lycett et al. 2006) .
In this study, we have constructed a cDNA library of oenocytes that were dissected from an Ae. aegypti substrain, MOYO-R, and selected for refractoriness to infection by the avian malarial parasite, Plasmodium gallinaceum (Thathy et al. 1994 ). The substrain is also resistant to infection with dengue 2 virus (DENV-2) (Schneider et al. 2007 ). Random sequencing of 687 clones revealed an expression profile that is compatible with the important physiological roles believed to be played by oenocytes in Ae. aegypti. Our study is the first analysis of the transcriptome of these cells in mosquitoes and provides significant insights into the potential role of oenocytes in lipid metabolism, detoxification and innate immunity responses.
MATERIALS AND METHODS
Mosquitoes -Origin and selection criteria for the Ae. aegypti MOYO-R substrain are described elsewhere (Thathy et al. 1994 ). The original substrain was lost and a similar substrain was reselected prior to the present study. Mosquitoes were reared in an environmental chamber held at 26ºC and 85% relative humidity with 16-h light/8-h dark cycles that included a 1 h crepuscular period at the beginning and end of each cycle. Larvae were reared on a dried bovine liver powder suspension. Adults were provided with a 2% sugar solution ad libitum. The colony was maintained by allowing adult females to blood feed on anaesthetised rats. Our protocol for maintenance and care of experimental animals was reviewed and approved by the Institutional Animal Care and Use Committee at the University of Notre Dame.
Dissection and oenocyte collection -Pupae were transferred to Petri dishes containing 1X phosphate buffered saline and dissected under a Zeiss stereoscope microscope. Pupae were chosen for oenocytes collection because in this developmental stage the fat body is rebuilt and oenocytes are organised in loose cells in the organ. In adults and larvae, oenocytes are individualised cells that are spread between trophocytes, which makes it difficult to separate the oenocytes without contamination from other cells (Martins et al. 2011a) . Fat bodies were excised from the hemocoel and the oenocytes were mechanically separated by gentle agitation. Under the stereoscope, oenocytes were easily recognised as isolated large cells or clusters. Unlike trophocytes, the oenocytes are larger and do not have cytoplasm filled with lipid droplets. In addition, lipid droplets in trophocytes appear bright under stereoscope light, which makes it easier to separate trophocytes from oenocytes (Martins et al. 2011a ). Oenocytes were collected and transferred to microcentrifuge tubes containing 10 μL RNAlater Solution (Ambion, Austin, TX). Up to 100 oenocytes were collected per sample. Following a brief spin, samples were kept at -70ºC until messenger RNA (mRNA) extraction. Morphological observations of dissected oenocytes by Giemsa staining or scanning electron microscopy analysis confirmed that all collected cells were oenocytes.
mRNA extraction and cDNA library constructionmRNA was purified with the Micro-FastTrack mRNA 2.0 isolation kit (Invitrogen, Carlsbad, CA) and used to synthesise the first strand of cDNA. A cDNA library, enriched for full-length cDNA, was synthesised using the SMART cDNA library construction kit (Clontech, Mountain View, CA). One microgram of double-stranded DNA from the original library was fractionated using a Chromaspin 1000 column (Clontech, Mountain View) into small (S), medium (M) and large (L) transcripts based on their electrophoresis profile on a 1.1% agarose gel. Pooled fractions from each of the fractionated samples (S, M and L) were individually ligated into a Lambda TriplEx2 vector (Clontech, Mountain View) and packaged into a lambda phage using Gigapack III, Gold package extract (Stratagene, La Jolla, CA). Individual libraries were plated on lysogeny broth agar plates to achieve roughly 30-60 plaques per 70-mm plates.
Sequencing -Sequencing of randomly selected clones was performed as previously described (Ramalho-Ortigão et al. 2007) . Briefly, single, isolated plaques were picked from the plates using sterile wooden sticks and placed into 100 μL of water. Each cDNA was amplified by polymerase chain reaction (PCR) using Platinum PCR SuperMix (Invitrogen, Carlsbad), 4 μL of the template (from the 100 μL) and vector-specific primers PT2F1 (5'-AAGTACTCTAGCAATTGTGAGC-3') and PT2R1 (5'-CTCTTCGCTATTACGCCAGCTG-3'). The PCR amplification products were washed in 150 μL (2X) DNAse/RNAse free water in Multiscreen PCR cleaning plates (Millipore, Billerica, MA) by applying vacuum (10 psi) and suspended in 50 μL of DNAse/RNAse free water. After cleaning, PCR products were cycle sequenced with the PT2F3 (5'-TCTCG-GGAAGCGCGCCATTGT-3') primer using BigDye 3.1 (Applied Biosystems, Foster City, CA). Sequencing reaction products were cleaned using a Multiscreen PCR cleaning plate (Millipore, Billerica, MA) and analysed using the ABI3730XL automated sequencer (Applied Biosystems, Foster City).
Sequence analyses -Seqman (DNAstar) software was used to trim the vector sequences and low-quality sequences and assemble the resulting high-quality sequences into contigs using 96% identity. Each contig was manually examined and those sequences with less than 80 bp were removed from the analysis. Contigs and singletons (contigs containing only 1 sequence) were compared to Ae. aegypti Genebuild V1.1 (AaegL1.1) using VectorBase (www.vectorbase.org). InterPro (www.ebi.ac.uk/interpro/) and Gene Ontology (www.geneontology.org/) were used to assign function to Ae. aegypti transcripts. Various types of meta-data, including gene transcript information, predicted gene products, protein domains and indication of biological function were also manually added.
RESULTS AND DISCUSSION
As shown in Fig. 1 , several clusters of dissected oenocytes were obtained from the fat body of Ae. aegypti MOYO-R pupae. Giemsa staining revealed a single cell type that was primarily organised in clusters. Clustering of dissected oenocytes may be associated with cell behaviour, as these cells are known to organise in such a manner on the fat bodies of Ae. aegypti pupae (Martins et al. 2011a) .
Approximately 2,500 oenocytes obtained from clusters or as individual cells were used to construct a fractionated cDNA library. Following the random sequencing of 687 clones, 503 transcripts [expressed sequence tags (ESTs)] were edited and assembled into 326 contigs. Only those transcripts displaying similarity to sequences previously identified in the Ae. aegypti genome (cut-off of E-05) were included in the analysis. The ESTs identified here were deposited in dbEST under accessions FE425950-FE426452. For a selected number of transcripts, we also provided the corresponding accession numbers assigned by the Ae. aegypti genome project (given by the code AAEL00000) to facilitate matching transcripts identified in this study with gene sequences previously identified by the Ae. aegypti whole genome sequence. This work constitutes the first transcriptome analysis of mosquito oenocytes and, in the case of Ae. aegypti, provides experimental evidence for various hypothetically transcribed genes.
The relative transcript abundance of Ae. aegypti oenocytes was assumed from transcript density (the library was not normalised) and the abundance is summarised in Fig. 2 . About 22.1% of transcripts identified were associated with known functions and/or physiological roles believed to be performed by oenocytes. Transcripts identified in our analyses were distributed as follows: 8% of the transcripts coded for five distinct cytochrome P450 superfamily protein members, 4.2% encoded other types of detoxification proteins, such as alcohol dehydrogenase and catalase, 8% encoded lipid-metabolising proteins, such as fatty acid synthase, elongase and estradiol 17 beta-dehydrogenase, and 1.9% encoded proteins that likely participate in mechanisms of innate immune response, such as lysozymes and serine protease (Table) .
Of the total transcripts, 18% of the transcripts were predicted to encode ribosomal genes, 8% to encode nuclear metabolism proteins (i.e., topoisomerases, transcription factors and nucleases) and 9% to encode proteins involved in processing and degradation, including eight transcripts coding for protein associated with the proteosome, in addition to lysosomes, cathepsins and ubiquitins (Fig. 2) . Although pupae are considered to be a transitional stage with significant tissue reorganisation, few transcripts related to protein synthesis and metabolism were identified. However, this was likely due to the random nature of the analysis.
Four percent of the transcripts encoded proteins with roles in energy metabolism (i.e., NADH dehydrogenase and cytochrome oxidase C that were both involved in the respiratory chain and ATPase), 2.1% encoded proteins that participate in cell transport systems, 4.7% encoded cell signalling proteins and 1.9% encoded vesicular trafficking proteins (Fig. 2) . Approximately 19% of the sequences corresponded to genes without known function.
Proteins that had putative functions differing from the categories listed above were grouped as proteins with miscellaneous function and accounted for 7.5% of all sequences. Transcripts without similarity to known genes were grouped under "no hits found" and represented 1.9% of all sequences (Fig. 2) . Below is a more detailed description of some of the transcripts identified in this study and their putative roles in Ae. aegypti oenocytes. Cytochrome P450 -Transcripts coding for cytochrome P450s (P450) were highly represented in the Ae. aegypti oenocyte transcriptome. We identified 42 transcripts (8% of the total sequences) corresponding to at least three putative proteins representing different P450 genes and one transcript predicting a protein with a P450 domain ( Table) . The transcripts that were identified as P450 correspond to genes identified by the Ae. aegypti genome project and were deposited in GenBank under the accessions AAEL006824, AAEL004054, AAEL009124 and AAEL009699. Interestingly, the latter sequence was identified only as a hypothetical protein by the Ae. aegypti whole genome sequence. Thus, our study provides experimental evidence for the expression of predicted and/or hypothetical genes.
Cytochrome P450s are a large superfamily of hemoproteins found in bacteria, archaea and eukaryotes with as many as 450 genes per single genome. In insects, more than 660 P450 genes distributed between a wide number of families and subfamilies have been characterised in genome sequencing projects and other projects associated with mechanisms of insecticide resistance (Li et al. 2007 , Komagata et al. 2010 . P450 genes are expressed in a tissue-specific manner, indicating their diverse physiological functions (Simpson 1997). In mammals, P450s are commonly found in hepatocyte microsomes, smooth endoplasmic reticulum and the mitochondria of steroidogenic cells (Simpson 1997) . Additionally, different forms of P450s participate in the metabolism of different molecules, such as sterols, steroid hormones and several lipids that include eicosanoids, vitamin D3 and retinoid (Simpson 1997). In insects, P450s also participate in a variety of physiological roles ranging from development, feeding and growth to resistance to pesticides and tolerance to plant toxins (Scott & Wen 2001 , Gilbert 2004 . P450s are intimately involved in the synthesis and degradation of hormones and pheromones, such as 20-hydroxyecdysone and juvenile hormone (Scott & Wen 2001 , Gilbert 2004 . P450s expressed in oenocytes might participate in steroid metabolism, as previous data has demonstrated that oenocytes isolated from Tenebrio molitor larvae can synthesise both α and β ecdysone from 4-14 C-cholesterol precursors in vitro (Romer et al. 1974 ). However, the association between P450 and ecdysone synthesis in oenocytes remains to be elucidated.
In addition to their role in steroid metabolism and in analogy to mammalian hepatocytes, insect oenocytes participate in detoxification processes specifically related to xenobiotics (Sundseth et al. 1990 , Gutierrez et al. 2007 ). In insects, increased transcription of P450s is frequently associated with resistance to insecticides (Scott & Wen 2001) . High expression of P450s has been linked to insecticide resistance in Drosophila (Sundseth et al. 1990 ) and An. gambiae (Müller et al. 2007 , Djouaka et al. 2008 .
There is a high degree of similarity between the Ae. aegypti and An. gambiae proteomes. Approximately 2,000 orthologous proteins are shared between An. gambiae and Ae. aegypti and may represent functions central to mosquito biology. In Ae. aegypti, approximately 8% of these proteins are members of the P450 family. These data represented an expansion of P450 gene expression in comparison to Drosophila and Anopheles that could potentially enable a more elaborate detoxifying system and contribute to the overall robustness associated with Aedes in comparison to other species (Nene et al. 2007 ). An expansion of P450s gene families in the recent Cux. quinquefasciatus genome project was suggested to be reflective of adaptations of this mosquito to polluted larval habitats and this expansion may also render this species particularly adaptable to evasion of insecticide-based control programs (Arensburger et al. 2010 ).
Other detoxification genes -In addition to cytochrome P450s, 23 other transcripts (4.2% of the total sequences) coding for proteins with putative functions associated with detoxification were identified. These transcripts also corresponded to sequences identified in the Ae. aegypti whole genome sequence. Some of these transcripts coded for proteins displaying alcohol dehydrogenase activity, such as quinone oxydoreductase (corresponding to Ae. aegypti whole genome sequence AAEL010668), with a total of 10 sequences found in the library, glucose dehydrogenase (corresponding to Ae. aegypti whole genome sequence AAEL004027) and a short-chain dehydrogenase (corresponding to Ae. aegypti whole genome sequence AAEL008159) (Table) . In addition, some of these transcripts also coded the following proteins: a catalase (corresponding to Ae. aegypti whole genome sequence AAEL013407), whose role is possibly linked to the removal of excessive reactive oxygen intermediates that allows the cells to maintain homeostasis following oxidative bursts (Gutierrez et al. 2007 ), a NA-DPH CPR (corresponding to Ae. aegypti whole genome sequence AAEL003349), that is known to be involved with insecticide clearance in An. gambiae (Lycett et al. 2006) , and cytochrome b5 (corresponding to Ae. aegypti whole genome sequence AAEL010017) ( Table) , that is an important donor of the regulating substrate that binds to P450 with CPR (Scott & Wen 2001) .
Lipid metabolism -Several morphological studies have suggested that oenocytes play active roles during lipid synthesis due to the presence of a developed smooth endoplasmic reticulum. Previous data have also suggested that oenocytes are able to produce integument hydrocarbons (Fan et al. 2003) . This lipid processing role was demonstrated in D. melanogaster by Gutierrez et al. (2007) with the identification of 51 genes related to lipid metabolism that were expressed exclusively in the oenocytes of the fruit fly. Interestingly, 40% of those genes were homologous to human genes related to lipid metabolism/processing.
We identified 23 transcripts that code for proteins with putative functions related to lipid synthesis in the Ae. aegypti oenocytes (Table and Supplementary data) . Fatty acid synthase (FAS) was the most represented transcript of this group (10 sequences), followed by two distinct elongases (9 sequences) and an estradiol 17β-dehydrogenase (3 sequences) (Table) . The FAS transcripts identified correspond to the Ae. aegypti whole genome sequence AAEL002204, the two elongases correspond to AAEL013542 and AAEL008219 and the es- & Fernández 2007) . In addition, the integumental oenocytes were shown to be responsible for hydrocarbon synthesis in B. germanica (Fan et al. 2003) .
The 17β-hydroxysteroid dehydrogenases are a group of enzymes that are involved in the interconversion of active and inactive forms of androgens and estrogens in the human liver (Deyashiki et al. 1995) .
The transcript abundance and representation obtained from the Ae. aegypti oenocytes cDNA library support our data on the morphology of these cells. In Ae. aegypti pupae oenocytes, the cytoplasm is almost completely filled by a well-developed smooth endoplasmic reticulum (Martins et al. 2011a) , which was shown to be associated with lipid metabolism in other insects such as Rhodnius prolixus (Heteroptera), Calpodes ethlius (Lepidoptera) and B. germanica (Wigglesworth 1988 , Jackson & Locke 1989 , Fan et al. 2003 .
Innate immunity -In insects, the fat body is the primary organ involved in the response to invading microorganisms. However, for a defence response to be initiated, the pathogen has to be detected by a recognition system that is based on the synthesis of pattern-recognition proteins in the fat body that are also released into the hemolymph (Barillas-Mury et al. 2005) . The relatively large size and position of the fat body inside the insect's body cavity allows the fat body to be a powerful organ that is able to secrete AMPs that can rapidly reach effective concentrations against invasive organisms (Barillas-Mury et al. 2005) .
Our data indicate that oenocytes constitutively express a number of immune-related genes. The most abundant transcript identified in this category was lysozyme P, with a total of six sequences. This transcript corresponds to the previously identified Ae. aegypti genome sequence accession AAEL015404. Other transcripts correlated with pathogen recognition and the activation of innate immune response are Spatzle (SPZ) 1A (corresponding to Ae. aegypti whole genome sequence AAEL013434) and a serine protease (corresponding to Ae. aegypti whole genome sequence AAEL005753) (Table) .
The Toll immune signalling pathway is initiated upon the proteolytic cleavage of SPZ, which then binds to and activates the Toll-like receptor (TLR). Activation of the TLR leads to the degradation of a repressor protein (cactus/IkB) and the nuclear translocation of the transcriptional activator REL1/NF-kB. The transcriptional activator REL1 induces the expression of several effector antimicrobial molecules such as drosomycin. Cleavage of SPZ occurs in the hemocoel by the action of serine proteases, whereas binding to the TLR and activation of the pathway leading to the expression of the AMPs occurs in the fat body (Barillas-Mury et al. 2005) .
In Ae. aegypti, Toll5A and Spz1C (homologues of Drosophila TLR and SPZ) were suggested to have a major role in the fat body specific activation of the Toll/ REL1 immune pathway (Shin et al. 2006) . Involvement of the Toll signalling pathway in the early stages of the antidengue defence in Ae. aegypti was recently confirmed by knock-down studies of the key negative regulator of the pathway, cactus (Ramirez & Dimopoulos 2010) . In cactus knock-down mosquitoes, DENV titres were significantly reduced. In contrast, for mosquitoes whose innate responses were silenced by the RNAi-induced knockdown of MyD88, DENV titers were elevated.
Approximately 2% of the transcripts from the fat body of Ae. aegypti vitellogenic females corresponded to proteins related to the immunity, such as cecropins, defensins and lectins (Feitosa et al. 2006 ). These transcripts were not detected in our analyses of oenocytes. Of interest, Feitosa et al. (2006) did not separate trophocytes from oenocytes. Thus, some of the discrepancies regarding transcripts identified by Feitosa et al. (2006) and the current study may be associated with the fact that oenocytes represent only 5-8% of the adult mosquito fat body (Martins et al. 2011b) . These data underscore the need for cell-based transcriptome analyses. Nevertheless, as differentially expressed immune response-related genes were identified in both cell types, these cells are likely involved with innate responses.
A previous study demonstrated that oenocytes share the network of smooth endoplasmic reticulum with mammal steroidogenic cells and have cell membrane invaginations designed to increase cell surface (Jackson & Locke 1989) . In addition, oenocytes are located in the fat body periphery in the adult Ae. aegypti (Martins et al. 2011a, b) . Collectively, these results point to an evolutionary mechanism to enhance the detoxification as well as uptake and secretion of lipids (Gutierrez et al. 2007 ). Moreover, the peripheral position of oenocytes may facilitate rapid pathogen recognition with the activation of the innate response leading to expression and secretion of defence molecules.
Oenocytes are some of the least studied cells in insects and were considered enigmatic until recently. The oenocyte transcript constitution opened new avenues for understanding the functions of Ae. aegypti oenocytes. According to our results, the oenocytes functions can be defined as detoxifying and lipid metabolising cells (Fan et al. 2003 ) and secondarily as immune competent cells.
The data presented here represent the first analysis of an oenocyte transcriptome from an invertebrate. This analysis provides a road map for future investigations that aim to elucidate underlying molecular interactions between Ae. aegypti and pathogens transmitted by this mosquito. Future studies will focus on comparative analyses between Ae. aegypti strains that are resistant or susceptible to DENV-2 with a goal of increasing our understanding of the role oenocytes may play in determining vector competence. 
